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A FROGRESS REPORT ON JET PUMP RESEARCH

SUMEARY
This progress report presents the results ol a
seriles of tests on a jJet pump using steam as the primary
fluid to pump atmospheric air. The purpose of the tests
was to investligate the mlxling process., General calcu-~

lations and Gesign values are presented with recom-

This progress report presents the results of a seriles
of jet pump mixing tube tests., The Jet pump used 98 percent
rated steam as the primary or actuating fiuid pump-
ing atmospheric air, the secondary fluid. The purpose of
these tests was the study cf the mixing process of the pri-
mary and secondary fluida.

The deslgn and tests of the jJjeit pump were performed
nnder the authority of contract nurber Nonr-201(01), awarded

to the Tintversity of YWicnita by the Alr Branch of the Offlice

- -

Temt

Typical Jet pumps are shown in figuree 1 and 2,
Figure 2 1llustrates the pump used for the deseribed tests,
The circular-secticn convergent-divergent nozzle discharged

into a ~traight, cylirdrical mixing tube where an isothermal ’




nixing of the jet and the induced alr occurred. The inlet
for the secondary alr was a converging bell mouth. At the
beginning cf the entrance the total and statlc pressure of
the air was atmecpherie (no velocity), At the end of the

diffuser, which was used 1o inerease the overall ef{icleney,

ct

the statio'pressure was atmospheris, The {tolal pressure
however was higher at this peint because of the dynamlc com=—~
ponent., The *hduction forces of the primary Jet acted on the
seooglary aif to reduce the static pressure in the region of
the nozxie exit. The differential pressure exisiing between
this regilon and the reglon at the beginning of the entrance
caused flow of ssc dary alr into the mixing tube,

In the 1deal oase ¢f a jJet pump without friction at
the mixing-tube wall and without resistance to the flow at
the entrance or exit, the Jet of primary fluid spresds at a
constant angie, In thls case the flow of the primary Jet
andi the secondary alr 1s generally in the direction of the
axis of the mixing tube, These flow conditions are similar
to those of a free jJet., 1In the actual case with viscosity
and throttling. the secondary alr wlll flow back along the
walls %o cover the volunetrie need at the exit of the nozzle,
The flow in this case causties s condition of vorticity. This
condition 1s anmplified with increassed enirance and exit
throttling and also by a mixing tube c¢f axcesslve length,

For each application cof 2 jet pump 1t is necesgary

to determine the mixing %ube dimensions for the highest ros-




sible efficiency. For these tests a sufficlently iong mixing
tubs was selected tn investigate the mixing process with
respest to the above flow conditions,

There are many theorles of Jet pumps which give the
relstion cf overall performance to the geometry of the jei
pump and the main parameters, Thesez theoriez provlde methods
of calculating pcrformance only within certaln limité, Be-.
caguse viscoS8ity in the mixing zone as well as other important
effects have been neglected vhese theories do not prove
gsatlisfactory for the design of high efficlilency ejectors. Many
design questions concerning the optimuim length of the mixing
tube must be answered by cxperimentation and the invecstiga®ion
of the kinq}ics of the mixing process in which all effects

are considered zand evaluated in terms 57 efficiency and

specific energy consumption.

SYMBOLS
D inches Diameter of mixing tube.
AR BTU/1b Enthalpy change of primary flulds.
L inches Length of mixing tube.
m Mass ratio, ws/wJ .
Po psfa Atmospherlc pressure,
P1 psfa Tots)l pressure of secondary fluid

at no~zle exit.

Po nsfa Total pressure of conbined flulds at
end of diffuser.
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AP psT Pc = P2
APo pel Ps = Po
APt psf Total oressure rise.
PJ psla Steam pressure to nozzle.
Qy %3/ see Yolume flow rate, Primaery fluid.
Qs £t3/ see Yolume flow rate, Secondary fluid.,
Ty o abs. Steam temperature to nozzle.
W, 1bs/sec Mass flow rate, Primary fluid.
L 1bs/sec Mass flow rate, Seccndary fluld.
v, ft-1b/eec  Work input.
w0 ft-1b/sec Work output,
7 Efficlency, Wo/Wy

THEORY

The useful work of the Jet pump is the summation

of the suction work and the blowing work. Useful work:

¥o

bl

Q. (AP, +APz) + Q4 4Pp

g
oy
D
3

APl' = D - P

AP = Dz - Py
The required power, Wi, 13 the product of the ehergy

difference of the prlizary fluld expanded from the pressure

Pj to P, and the weight of primary fluld flowlng per unit
of tlime,
Efficlercy T = A1 = QalaPy + 4Py) + Q; ar,
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APPARATUS

The steam Jet pump, designed and fabricated in 1its
most basile form, consisted 6f the mixing tube, supersonic
nozzle, large radius entrance, and small angle diffuser.

The entire pump with instrumentation, 2%eam supply line and
controi valve, was housed ir a 30x74=foot closed trailer,
The steam generator was lnstalled in a laboratory building
adjacent to the traller. Figures 3 through 6 i1llustrzte
the general layout of the nump and auxliliary equipment.

The Jet pump was designed for long-~run tests durlng
which detailed pressure readings could be taken. A rela-
tlvely large pump was designed to accomplish exact measurlng‘
of the quantities desired and 2lw’ because of the high driving
energy avallable, The configuration cf the pump was variable
in only one respect. By sliding the mixing tube forward on
ralls over the nczzle, the length to dlsmeter ratlo (L/D)
could be varied; L being the length of the mixing tube down-
stream from tre exit plane of the nozzle, and D representing
the Glameter of the mixing tube. The design dimensions of
the Jet pump components were dictated by experience gained
in jet pump work performed in the United States and in Ger -

many.

# 1) Rastrelli, Leonard and Snyder, Melvin H.: A Progress
Repert on Jet—Pump Research Conducted at the Unilversity
of Wichita, University of Wichita Engineering Peport
No_, 049, August 1951.

2) Wagner, Friedrich: A Contribution to the Development of
Jet Pumpgs, Centrai Air Documents Office A.T.I. No. 20255,
April 1949,




The supersonic convergent-divergent ctainless atcel
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O

nozzle was fabricated with extreme dimensional control and
‘with the interior surface pollshed to a mirror finish. The
nozzls was caloulated to discharge stecam at a rate of 0,222
ibs. ver =zz2zond for neairly itsentrople expansion frem an
initial condlition of 4CC psla, dry saturated. The jet ve-
locity from expansion to atmospheric pressure was 2150 £t 'sec.
While nozzle efficiency tests were not conducted for the
initial jet pump tests, the efficlency was assumed to be 96
to 98 vercent. Thls assumption was based on previous fabri-
cation and testing experilence,

The physlical dimensions of the mixing tube were de-

termined by calculations of the test Jjet pump without entrance
or exit threttliing. The mixing tube internal diameter of

a total pressure differentlal betwezn entrance and exit of
A Py = 40 pef, The length of the jonstant erose secticn tube
was chosen us S0 ingches, This was a mixing tube length ratic of
/D = 11.25. 1In sarlier investigations the optimum overall
efficlency was obtalned at a ratio of L/D = 6.4. Since some
aﬁthors have quoted values of from 4 to 11, the gelection of
the mixing tube 1anth stated above was felt sufficient to
accompl}sh the je;ts over a wide range of L/D ratlos. Standard
steel pipe was used for the mixing tube. The internal surface
was honed to a bright finish., The tube was rnot insulated rdr
the 1nitial tests performed, hcwever insulation will be added

for the future tests wlth superheated stean,
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S1xteen No, 70 (028 in, dila.) holes wsre drillad through
the mixing tube wall for statie pressure taps. These holes
were apnroximately egually spaced alcng the length of the mix-
ing tube, Total pressure readlngs were taken wilth a total
pressure tube (fig. 8) incerted through additional holes in
the mixing tube wall. These holes (24 total) were provided
at six stations along the tube and ou the oross section ccenter-
lines at ex2och station. Tﬁe total pressure tube was made from
.070 inch diameter brass tubing and was housed in a 5/16 x
1/8 inch elliptical steel tube. This steel tube was arranged
as 2 glip fit in a holder in the above mentloned holes. The
gides of the holder were alligned with deep longitudinal scride
lines on the mixing tube to assure the proper direction of the
total precsure tube in relation to the axie of the mlxing tube.
Herizontal lines scribed on the elliiptical fube indicated the
position of the total pressure tube between the mixing tube
wall and eenterline, ¥itn the probe inserted in one of the
24 holes., the remaining 23 holes were plugged. These pluge
were machined on the end te £it the inside contour of the
nixing tube.

The entrance riece provided & smooth, rounded curface
ocvey which the pumped or secondary air cculd flow into the
mixing tube., Thisr entrance was made ¢f wood and was varnished
and polished. ¥hen 1installed on the mixing tube 1t was care-
fully raired to the inside diametver. Two static pressure

ovenings (.028 in. dla.) were provided in the entrance plece.
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A diffuser was uscd on tne end of the mixing tube to
acoomplish a gradual expanslon of the mixed fiulds tc atmos~
pheric pressure. This dirffuser was 40 inches long with an
included angle of six degrees. Four statlic pressure opens
ings {.028 in. dia.) were provided in the diffuser.

Steam as the primary fluid was produced by a Bessler
generator, model 85. This generator is a package unlt with
toller and auxillaries incorporsted within & single framework.
The auxillaries; feed water pump, blower, and air compressor
ere driven by *V*" belts from a single 71 HF constant speed
motor, The generator produces dry saturated steam at pres—
gsures up to 400 pslg and a flow rate to 2500 pounds per hour.,

The steam generator medulation control-system uses
compressed air as the modulatlng medium. The feecd water, fuel,
and combustion alr controls are connected mechanically to an
air cylinder which is operated by a pressure regulator, The
pressure regulator 1s a Bourdon-tube--astuated device which 1s
responsive to cnanges ln stcam pressure occasloned by changes
in steam output requirements, Feed water enters the boiler
through the splllover heat exchanger and feed check valve,

e woter and fuel are proporiticned 30 that the boller will
evaporate only 85 to 90 percent of the toctal water fed. The
result is wet steam whilch enters a c¢yclone separator where
the excess water 1s removed and trapped in the heat exchiager,

7 4ry satu=ied sieam beilng taken off at the top
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of the separator. Bsfore leaving the boller, the steam passes

through a temperature respongive thermostat which 1s designed

V)

*~ »rotect agalnst overheating or loss of boliler water.
The boller is equiprcd with a soot blower using steam
T

Q
+

directly from the steam outlet header through & shut-~
valve, The ecoi blowers conslst of a serles of corrosion-
and heat-resistant hollow blades inserted between palrs of
colls, These blades are slotted and arranged tc ke rotated
oy nand thus gsweeping all surfaces where soot 1s likely to
collect.

Zeolite treated water 1s strained and fed to the suc-

tion inlet to the feed water pump. This pump 1s a Bescgler

designed norizontal triplex pump delivering water to the
metering valve at soproximately 850 psil, The metering valve
and by-pass valwve, which is automatically operated, regulate
the amount of water that passes to the generating tubes.
Steam from thée tubes passes Lo a sevarator where excess molg—
ture 1s removed and then goes to a header and discharges
through the steam stop valve, Attached to this header are
the soot blower valve, safety valve, steam pressure gage and
pressure regulatoz,

Natural gas 1s supplied to a shui-off valve at ap-
proximately one psi. A solencld valve 1s in the line betyeen
the shut-—off valve and the burner, It 1s controlled by the

thermostat and pressure regulator switches. When the boiler




10

goes off by excess vressure the solencld valve shuts off the
gss supply. This valve is also actuated in the came manner
by excessive temperature, execept the gas valve cannot open

again untll a re-set plunger L1s pressed., A butterfly valve

=
3

the cas line to tne burner 1is mechanically connected to
the combustion control assembly to modulate the fire in re-
sponse to load changes.

Three phase, 220 voit, 80 cycle power 1s used by the
auxiliary~-equivment driving mctor. The ignitlon and control

b B b |
vy single phase 135 vold

circuits are energized
volt supply 1s transformed to a 10,000 volt potential between
twe clectrodes in the combustlon chamber. The spark formed
in the electrode gap ignites the alr-fuel mixture that is
fed to the ooﬁbustion chazber from & coned burner head.

The steam line to the nozzie consisted of 1-1/4 inch
ipe insulated with 85 percent® magnesia, one inch thick. The

steam célorimeter was lngerted in an enlarged sectlion of the

line in descending steam flow. This enlargzd sectlon was ap—-

L > — {24 ot
Teet upstresam Irem the nozaie.  Steam entering

3

the suppiy line at the generator was assumed to be dry and
saturated, Because of
of condensation in the line the steam quality at the nozzle
was determined to be approximately 98.5 percent dry. The

calculated steam velocity in the supply line to the nozzle
was 28.4 feet per second. Thils initlal velocity was neg-

lect<d iIn the nozzle design calculations.




To accomplish iue purpose of thece tesic the gquantitlies

requiring Getermination werc steam flow rate and secondary
air flow rate. In addition to these flow rates, the mixing.
pattern of the primary and secondary flulds was determlned by
static pressure regadings along the length of the mixing tube
and by the total pressure and temperature profiles at ths six
survey stations along the mixing tube. All instruments except
the steam calorimetier were mcunted on a panel (fig, 7). The
mounted instruments were 18 statlc pressure manometers, one

A
[
-

SBUTE &

Flald

.ounl pr
the steam pressure and temperature gages. All manométcrs
reglstered pressure in inches of water. Also on the pénelh
was 2 data space Ifor recording the date, run number, probe
position, nczzls position. barometric pressure, and wet and
dry bulb temperatures, The Brown instrument recorded the
‘temperature of the mixed fluld at the total pressure tube as

transinitied by an iron-constantan thermocouple attached to

the underslde of the total pressure tube,

DISCUSSION
An unstable operation of the Jet pump was noted during ;
the first operation of the equipment. To aid in analyzing
the effect of the iéetability, 1t was thought advigable %o
determiné the pump output in terms of mass flow and masgs

ratio, secondary Tluld %o primary fluld., These results could
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then he nomwiwed to predictcd results and conclusiony made

about tha effeot of the instabllity on pump ocutnut,

A ecross sectlon survey of one statlon of the mixing
tube was made wlth total »nressure, temperature, and static
oressure being recorded phofographically. An attempt was
made %o Tesord the menometer weadiln 2t the mid point of
thelr extreme fluctuatlon, At a later date a cocmplete survey
at all stations of the mixing tube was made. During these
surveys the onerator recorded the maximum and nminimum readings
for each position of the probe from which the average reading
was cbtalned., These data were then reduced to mass Flow and
mass ratio and compared with the original resulte, The Finct
tesi results indicated a secondary mase flow of 5C0.6 pounds
of air per minute and a mass ratio, m = 28,8, The results

€ +ha me
aa

~
e wado

nore accnrate furvey ware 499.4 vounds of air per
n1inute and mass ratlio, m = 27.7. As mentioned avove, the
punp was deésigned to a predicted mass ratio of m = 29.

The static pressufe distribution along the wall 1is
shown in figure 10, At the entrance to the diffuser 1s shown
an adverse conditiocn of static pressure, The excessive length
of the mixingz tube permits a thlsk boundary layer to be builg

up in this regilon. The toial pressure proflles shown in

-

figure 9 indicate the lack of momentum exchange to the fliow
at the wall with the resultant reversed flow. In future tests
with a steady Jet and correct mixing tube length this con-
dition should be eliminated to produce smooth diffusion to

atmospherlie pressure,




The total prescsurs profilles with fluctuating opc
are similar to those of previocus tests durlng which steady
fiow conditions were maintsined, An exceptlcon to this aimi-

larity are the profiles at stations 3 and 4.

CONCLUSTIONS

The test pump arrangement proved to be an excellent
installation for the planned study of the mixing process.
Rowever, dependablé data vere impossible to obtain because
of the unsteady prinary jSet. The cause was analyzed as one
or a combination of three conditions: (1) a varying steam
supnly preassure, (2) steam quality fluctuation, or (3) a
matastable expansion of the eteam in the nozzle combined
with droplet lag. Motion plotures were taken {16 frames
per second) to determine the relation betwesn steam supply
pressure variation and static pressures along the mixing
tube. Plots of the data taken from these pletures revealed
> close relatlon in frequency of variation tut not in magni-
tude. The magnitude of statlic pressure fluotuations increassd
from small values at the entrance to a maximum at the middle
of the mixing tube. The voncliusion was that the variabtiosn
of steam quallity was the predcminant cause of Jet energy
variation, The enargy variation and improvement of the steam
expansicn ihrough the nozzle will bec corrected by using
superhcated steam of 40C psia and 200° F, superheat, Except

fer the addltional equipment nceessary to vrovide the
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superhected steam the future test pregram can be carried on

with very ninor changes to the test equlpment as now in-

stalled,

It is intended to continue the tests as originally
planned, Some short test runs will be made to check these
reported results, Then » seriee of tests wilth throttling at
entrance and ex)t will be run to produce a family of nerfor-
mance curves. Following this willl be a systematlc varlation
cf the mixing tube length, vclocity ratios by changling the
crosc sectlon areas, and the entrance and diffuser configu-
rations to arrive st the highest overall Jet-pump efficliency.

To expand and modify the existing theorles of mixing

to give practical design information, it wlll be necessary to

obtaln the flow parameters velsclly, prescure, length ond
maaa Psting. The above outlined tests will provide the

neceszary 4data, For comporison of the Jlet pump with other
flow enginee aprd for the development of Jet pumps for particu-

lar Jobs the pump will be evaluated by the efficiceney only.
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UNIVERSITY OF WICHITA
SCHOOL OF ENGINEERING

AZRODYNAMICS LABORATCRY

Jet rump

Uffice of Naval HeSearch

BY:

wagner and bcCune

TEST NO:
REVSOLDS MNO:
GATE: Qctober 1957

Figure 4,- Jet pump Installed

in trailer.
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UNNERSITY OF WICHITA

SHGOL OF ENQINEERING
ret AERGOYNAMICS LABORATORY 18
TESY: __< €U “udp :
FOR.___ Cffice of Naval Researcn ;2‘3;6':%‘5 NO:
gyY: Wagner and McCune oaTE:_Qctober 1652

Figure 5.,- Steam generator.




UNIVERSITY OF WICHITA
SCHOOL OF ENZIMEERING

AERODYNAMICS LABORATIORY

. _Jet Pump .
TEST: _«~ TEST NO:
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BY: Wagner and McCuns DATE: October 1952
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Figure 7.- Instrument panel,
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UNIVERSITY OF WiCHITA
SCHOOL OF ENQINEZRING

ACRODYNAMICS LABORATORY 20
TEST:_Jet Pump TEST NO:
FCR: ffice of Naval Research - REYNOCLDS NO:
BY: __ Waxuer and lMcCune OATE:_OQOctoher 1952

Figure 8,- Total pressurse survzy lustrument.
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Figure 9.- Total pressure - padiual profiles

es.,



e iyl e g

dib-uer -
~




Pt

.

*apInTl Atepuooss puv Lisvugad L
‘artjoxd Tesxs ~ eanssodd w30l T 4TS

o e il RS x» MI —
(g e
{
nl\\v\.‘l‘ll "J]”l/
| T —
il'l'l..ll e e wa, P . R —— ——— ] - - — g — TC paer S
e ——
==y g

-
-




[ b -

Armed Services Technical lnfor _

Because of our limited cupnly, you are requested to return t!is conv 27LIN I HAS
YOUR PURPGSE so that it may be niade availabie (¢ other 1 Quesivn's, Your cooperafivh
will be appreciated,

»
.\.” N Jg'

ﬂ

Y ¥
<
% [

R . : v"&fﬂl”;
RN HELHDY

_ N

g oy

" o
z ™
Y ; T\ s

L

| 3
lf -
o ™ -t o . a7 .I
mae * Hemg L W ST . g S B
= . Ly 5
- L A z
d €t o~ - by o ——

Ii

"W —---.‘-Q.Av.‘ ~*

e Cawm S

- NOTICE: WHEN GOVERNMENT OR OTHER DRAWINGR SLECIFICATIONS QR EER DATA }
ARE USED FOR ANY PURPOSE OTHER THAN JN CONNECTION WITH¥ A DESINITELY RELATE § 3
GOVERNMENT PRCCUREMENT OPERATION, THE U. S. GOVERNMENT THEREBY INCURS :
NO RESPONSIBILITY, NOR ANY OBLIGATION WHATSOEVER: ARD THE FAUT THAT TAE

- GOVERNMENT MAY HAVE FORMULATED, FURNISHED, OR IN AM¥ WAY SUPPLIED THE

1 SAID DRAWINGS, SPECIFICATIONS, OR OTHER DATA IS NOT T'Q £ REGAHDED BY

IMPLICATION OR OTHERWISE AS IN ANY MANNER LICENSING FHY AOLDER O ANV UTELI f

PERSON OR CORFPORATION, OR CONVEVYING ANY RIGHTS Ol PERMISSION . TO MANYFACTL r1 £ 3
USE OR SELL ANY PATENTED INVENTION THAT MAY IN Ah.‘h" WAV B m.m‘rw rE““‘ :

Reproduced by ‘
33_“_UME_I_{;? SERVH:E DERTER

— - —

- e s sl 3 1]
D410 ;
I ®i P Y (M A L 1 A TV S |
7 4 -‘_.‘l.' ’ R S oy ol '-_, " =




	0001
	0003
	0004
	0005
	0006
	0007
	0008
	0009
	0010
	0011
	0012
	0013
	0014
	0015
	0016
	0017
	0018
	0019
	0020
	0021
	0022
	0023
	0024
	0025
	0026
	0027
	0028

